Performance of the Z-path moving-fluidized bed reactor for gaseous reduction of iron ore fines was numerically investigated. The proposed mathematical model was developed by analyzing the gas-solid transport phenomena and chemical reactions in the reactor. The model was solved by a new solving approach -integration of FLUENT package (V6.3) and PHOENICS (V3.3). Numerical simulation results of cold state were compared with the experimental data and the simulation results including pressure drop per perforated plate, gas flow pattern and solid flow pattern agreed well with the experimental ones. The developed CFD model then conducted some hot state predictions of gaseous reduction of iron ore fines using reformed COG gas and purified COREX export gas in this reactor. Results indicate that under hot state, the performance of the reactor depends on the reducing gas supplied. Pressure drop per perforated plate decreases one by one from the bottom plate to the top plate and some improvements are needed for the perforated plate arrangement in the reactor. For ore fines gaseous reduction, the reactor displays a high utilization efficiency of gas sensible heat and gas reduction potential. The Z-path moving fluidized bed has the advantage that it realizes a gradient utilization of heat and reduction potential of the gas in iron ore fines reduction with a comparatively simple structure. In the cases simulated, the top two plates play a role of preheating the ore fines and the bottom three plates reducing the ore fines. For operation control, the reactor with three inclined perforated plates is reasonable and preheating ore fine may be carried out by other means.
Introduction
Besides the established blast furnace route, many alternative iron-making processes have been developed. Presently, focus on the processing of low cost iron ore fines has increased significantly during the last three decades especially with the pilot scale development of the smelting reduction processes for the production of liquid iron. Direct reduction based on fluidized bed systems have become one of the most competitive technologies in these alternative processes. [1] [2] [3] The main advantage of fluidized-bed reduction technology is that ore fines can be directly charged to the process without prior treatment. However, its disadvantages are particle agglomeration and high gas/solid ratio.
4-7)
The moving-fluidized bed reactor was proposed by Wang. 8) Actually it's a multilayer moving-fluidized bed. The reactor has characteristics of both moving-bed reactor and fluidized-bed reactor and is expected to avoid the disadvantages of fluidized bed. The proposed reactor was tested for drying and dust removing a couple of years ago and some satisfying results were obtained. 9, 10) The reactor was also supposed to be applied for gaseous reduction of iron ore fines. Hydrodynamic behaviors of gas and ore fines under cold state have been intensively studied and results showed a stable flow of ore fines could be easily reached by adjusting gas or solid supply rate or by adjusting inclination angles of the perforated plates. 11, 12) In the present work, based on the experimental results of cold state, a numerical investigation was carried out to examine the performance of the reactor for gaseous reduction of iron ore fines in order for its lab-scale hot state tests, design improvement and future scale-up. Figure 1 gives the schematic diagram of the lab-scale reactor. It essentially consists of a gas chamber (300 mm× 70 mm×1 200 mm) and five perforated plates(carbon steel, aperture ratio: 20%). The perforated plates are placed at an inclination angle of 7.5 degree in the gas chamber and they are linked using solid flowing-down channels. Iron ore fines are continuously fed in at the top and collected at the bottom. Reducing gas is introduced from the bottom and released from the top. Forced by both the drag force and the gravity, the ore fines flow downwards with a little bubbling along a path consisted of the perforated plates and the flowingdown channels. Gas flows upward penetrating five solid layers one by one. During the decent of the ore fines, they get ISIJ International, Vol. 52 (2012) , No. 7 heated and reduced by the gas. In this reactor, the gas-solid flow has characteristics of counter current on a scale of the whole reactor, characteristics of cross current on a scale of each perforated plate, and still some characteristics of fluidized bed for the bubbling state of ore fines on the perforated plate.
Description of the Z-path Moving-fluidized Reactor

Computational Models
Computational Domain Mesh
Shape of the Z-path moving-fluidized reactor is complicated and there are two types of flow-gas flow and solid flow in the reactor. The two phases in the reactor are not fully mixed as in fluidized bed and each phase has its own inlet and outlet. Inter-phase transfer is effective only in a limited z-shape area (zone A in Fig. 2) , which is near the perforated plates and the flowing-down channels. The gas flow covers the whole reactor while the solid flow only in the limited zshape area. Experiment results 11, 12) indicated that the average thickness of solid layer on each perforated plate was some 1.5 cm and expansion of the solid layer was small. To well reflect the characteristic of this gas-solid flow, grid generation package -ICEM CFD 13) was used to generate the 2D grid for simulation. The 2D computational grid is shown in Fig. 2 . A mixed grid, consisting of 1 392 quadrilateral mesh elements and 8 325 triangle mesh elements is developed. Area of grid size varies from 1.2e-5 to 7.9e-5 m 2 . Structure grid (zone A) is applied in the area where the solid flow covers and unstructured grid in the other area. This arrangement of grid on the computational domain is mainly for the convenience of our CFD model development.
Theory
Gas-solid Momentum Transfer
Iron ore fines flow on perforated plates with weakly bubbling, the solid layer formed by the ore fines could be assumed porous media with a fixed porosity. Resistance to the gas penetrating it is estimated using Ergun equation. 14) . Heat transfer between gas and iron ore fines in zone A is calculated using the following correlation by estimating the range of Re of ore fines in the reactor. Water-gas shift reaction (R7) is a linearly dependent reaction with reactions R(1-3) and R(4-6) (For example, R4-R1=R7). The water-gas shift reaction is a very important reaction and it is taken into implicitly in the present study. Reduction of magnetite directly to iron below 843 K is not considered. These assumptions are proved to be suitable for modeling gaseous reduction of iron ore pellets in the shaft furnace by Paris 16) and in the blast furnace by Austin.
17)
Iron ore fines in the fluidized bed reduction system are much smaller compared with the conventional blast furnace ironmaking process, in which sintered pellets are reduced. In general, the reducing gases are supplied into the reactor in an excess amount. Fluidized bed reactor also can be characterized by efficient contact between gas and solid fines and rapid rate of mass and heat transfer. Generally shrink unreacted core model is consistent with the step-wise reduction of iron oxides. And it has been observed in practice especially for fine iron oxide particles. [18] [19] [20] [21] Hence, it is assumed that the mass transfer resistance of gases from the bulk to the surface can be neglected. Thurnhofer 18) conducted microscopical analyses of polished sections of reduced iron ore fines and observed that a high amount of pores were spread through the entire fine. The fine is subdivided into small grains (2 to 10 μm) surrounded by the pores. So pore diffusion is not limiting the reduction. Based on these assumptions and observations, Hahn, 19, 20) Thurnhofer,
18)
Weiss 21) described the reduction kinetics of iron ore fines with a chemical reaction control scheme using the unreacted shrink core model though forms of their reduction rate equations were different. In this work, it is also assumed that the reduction of ore fines proceeds following the unreacted shrinking core model. Taking R1 for example. The chemical reaction rate of the ore fine with hydrogen is given by Tien 22) and Usui 23) and is expressed as:
Radius of the reaction interface within the particle, rj, could be eliminated by using the definition of the local reduction fraction of the particle as: ... (9) Considering the reaction rate should be measured per unit reactor volume gives:
... (10) Because the ore particle is very small, three reaction interfaces are assumed to be independent and all reactions are assumed to be independent as well. Chemical reaction rates of the other reactions could be deduced in forms similar to Eq. Chemical equilibrium and reaction rate constants of Reactions (R1-R6) are from Refs. 24)-25) and they are listed in Table 1 . In a controlled volume, reduction fractions for the three different reduction stages are expressed as:
.... (12) Fe O +H =3FeO+H O 
The total reduction fraction of the ore fines in a controlled volume is:
Additionally, reaction heats of reactions (R1-R6) can be counted their enthalpy changes using HSC software. 26) They are considered only to be functions of solid temperature and are also listed in Table 1 .
Using stoichiochemical coeffients of the reactions R1 through R6, consumption or production rates of other species are calculated. They are listed in Tables 2 and 3.
Equations of the Gas Phase
The dense gas-solid flow on the perforated plates and the 
. Pr . = 1 0 Sc = 1 0 . 
, , flowing-down channels is assumed to have no impact on gas turbulence. Model of the gas flow consists of the conservation equations for mass, momentum, thermal energy, turbulence (standard k-ε model) and species mass fractions. They are defined and written as a general equation (Eq. (14)) for steady gas flow with superficial gas velocity being adopted. Species of the gas phase are H2, H2O, CO, CO2 and N2.
Terms to represent ψ, Γψ and Sψ for the gas flow are listed in Table 2 .
............ (14) The gas phase is considered as an ideal gas. Dependences of gas density, viscosity and heat capacity on its local composition and local temperature could be referred to FLUNET user guide. 27) Gas volume fraction is fixed at 0.65 to the solid layers on perforated plates to reflect the weakly bubbling state of the ore fines, 11, 12) 0.5 to the solid phase in solid flowing-down channels and unity in other area.
Boundary conditions for gas flow are: Sides of gas chamber and flowing down channels are considered as non-slip wall conditions. In the gas inlet, temperature, velocity and composition of the gas phase are set depending on the simulation case, and for turbulence, turbulence intensity is set to 5% and the hydraulics meter is set to 8.0 cm. In the gas outlet, a fully developed gas flow is assumed.
Equations of the Solid Phase
The solid flow only covers zone A and some mesh elements in zone A are intentionally blocked to the solid flow to fit the thickness of iron ore fines layer. Since particles may flow in a style similar to a fluid, it is assumed that the iron ore fines can also be represented as a continuum. Conservation equations of the steady, incompressible solid flow could be defined similarly to those for the gas flow. General equation of the solid flow is given as Eq. (15) Heat of formation for species k in Eq. (17) is from Ref.
26).
Boundary conditions for solid flow are: Sides of the flowing down channels and the perforated plates are considered as fluid-slip wall conditions. Upsides of the solid layers on perforated plates are considered to be free surface. In the solid inlet, temperature, volume flow rate and composition of the solid phase is set depending on the simulation case.
In the solid outlet, a fully developed solid flow is also assumed.
Solution Methods
The above two sets of equations, together with their boundary conditions form the basis of the simulation study. In order to solve this problem, two commercial packages FLUENT 6.3 27) and PHOENICS V3.3 29) are used for their reliability and robustness have been demonstrated by numerous papers. The gas-flow model is solved using FLUENT 6.3 and the solid-flow model PHOENICS/GCV. Volume fraction of the solid phase is set using face porosity and volume porosity, which are the PHOENICS commands. ICEM CFD exports the grid of the whole computational domain for FLUENT and the grid of zone A for PHOENICS and thus the two packages could be ensured to have mesh elements in zone A with the same sizes and the same positions. The two packages run on two networked work stations (DELL Type 3500, under TCP/IP protocol), respectively. Data exchange between two packages on zone A is performed by using a shared memory (RAM virtual disk). To realize it, PHOENICS writes intermediate data file into the shared memory for FLUENT and reads intermediate data file of FLUENT every 500 iterations while FLUENT conducts the similar R/W operations every 500 iterations. Because FLUENT and PHOENICS store data using different data structures and the two packages may run into R/W conflict of the same data file during iterations, special GROUND subroutine(PHOENICS, FORTRAN file) and special UDF(FLUENT, C++ file) have been coded to settle them. Although tests indicated frequent data exchanges would bring some oscillations in reaching convergence to the both, they could reach convergence finally using small under-relaxation factors less than 0.1. However, it is timeconsuming. And simulation of a hot state case needs more than 100 hours. Each simulation runs until the nondimensional residuals of continuity equations of both the gas phase and the solid phase reach less than the convergence criterion of 0.001.
Results and Discussion
Validation
In order to validate the accuracy of the proposed CFD model, the cold model experimental results measured in Refs. 11)-12) were used for validation. Properties of the iron ore fines used in experiments are listed in Table 4 . In the experiments, gas supply was 0.5 through 0.9 m/s. Experimental results indicated that when the gas velocity was less than 0.5 m/s, the ore layers kept still on the perforated plates and when it's more than 0.9 m/s, channeling would happen in the upper ends of the perforated plates. Cold state simu- lations only chose those gas supply rates under which a stable solid flow could be formed. The result is given in Fig.  3 . It could be seen the simulation results agree well with the experimental ones. Hence we conclude that the solid flows with a fixed volume fraction on the perforated plates and another fixed volume fraction in flowing-down channels is correct. The proposed CFD model could well present the gas-solid flowing characteristics in the reactor.
Cold State Analysis
Simulation results of gas flow and solid flow with air supply rate 40 m 3 /h and solid feed rate of 240 g/min indicated that gas and solid flow patterns were similar between any two neighbored perforated plates. It could be seen from Fig.  4(a) , pressure drop of the reactor is mainly due to the solid layer. Pressure drop in the space between two neighbored perforated plates is negligible. Typical stream lines of the gas flow through the reactor given in Fig. 4(b) indicate the gas is well distributed by the perforated plates. Because of the inclination angle of the perforated plate, the gas flow is redirected near the flowing-down channels, which could be observed in Fig. 4(c) . This also satisfies our observation on gas flow pattern using silk-thread showing method. Velocity vector of the solid flow is shown in Fig. 4(d) . Residence time of solid phase is some 20 minutes. Back mixing area or dead volume is not found through the whole solid flowing path, which agrees with the experimental result that the solid flow presented as a plug flow.
Hot State Predictions
Up to now, no hot state experiment has been carried out. In order to evaluate the performance of the reactor for gaseous reduction of iron ore fines, two hot cases were studied using different reducing gases.
Reformed COG
For gaseous reduction, one of reducing gases is the reformed COG. Its characteristic is a hydrogen rich gas. Operation conditions for simulation are given in Table 5 .
Simulation results of this case are given in Fig. 5 . Figure  5(a) gives the profile of gas pressure profile and it could be seen that the total pressure drop is about 320 Pa. Gas temperature profile is given in Fig. 5(b) . Total gas temperature drop is about 580 K. The gas temperature drop on bottom Table 5 . Conditions for simulation of the hot case using reformed COG.
Gas phase
Gas Table 4 . . Some 27% of CO reacts with iron ore fines on the bottom perforated plate and some 18% of CO continues to react as it flows through the other four perforated plates. Some 20% of H2 reacts with iron ore fines on the bottom perforated plates and some 7% of H2 continues to react as the gas upward. Total utilization efficiency of gas reduction potential is 28%. As to the solid phase, variations of reduction fraction and temperature of the solid phase along its flowing path (the perforated plates plus the flowing-down channels) are shown in Fig. 6 . It could be seen that the final solid temperature reaches 930 K and the final reduction fraction 0.63. 66% of the reduction takes place on the bottom plate (perforated plate V) while 24% of the reduction on the other three plates (perforated plates II, III). It could be seen the solid temperature increases from 850 K to 930 K in ore fines reduction stage. Less than 8% of the reduction takes place on the top plate where the solid temperature increases from 300 K to 750 K, which indicates these two plates serves as preheating ore fines.
Purified COREX Export Gas
The other reducing gas for simulation is purified COREX export gas. COREX is the exclusively commercialized smelting reduction process. To use its export gas efficiently is an important method to reduce its cost. Total volume fraction of CO and H2 in purified COREX export gas reaches more than 80% and hence the gas has a high reduction potential. Operation conditions for simulation are given in Table 6 .
Simulation results of this case are given in Fig. 7 . Figure  7 (a) indicates the total pressure drop of the gas phase under this case is more than that of the hot case using reformed COG, but less than that under cold state, which is about 380Pa. Gas temperature profile of this case is given in Fig.  7(b) . Total gas temperature drop is about 500 K in the reactor. The gas temperature drop on bottom plate is about zero and is about 250 K on the top one. On the middle three plates, the gas is heated to 1 150 K because exothermic reaction R6 dominates most of reduction near the up end of plate IV. Profiles of CO and H2 mole fractions are shown in Figs.  7(c)-7(d) . From Figs. 7(c)-7(d) , it could be estimated that total utilization efficiency of the gas reduction potential is about 62% for CO and 50% for H2. Solid phase behavior of this case is given in Fig. 8 . It could be seen from Fig. 8 that final temperature of the solid phase reaches 1 090 K and total reduction fraction of the solid phase is nearly 1.0. Figure 8 still indicates 20% of the reduction takes place on plate II, 10% on plate III and 70% on plate IV. In this case, four plates are enough and the bottom one is not necessary. Table 6 . Conditions for simulation of the hot case using purified COREX export gas.
Gas phase
Gas supply rate 40.0 m 
Solid phase
The same as in Table 5 . Reduction fraction of ore fines reaches 1.0 is impossible because the reduction controlling step is not interface reaction and reduction of ore fines becomes very slow when it is more than 0.8. But simulation results of this case indicate it's easy for reduction fraction of ore fines to reach 0.8 on plate IV and Plate V. From the above two hot cases, It could be seen that pressure drop under hot state is lower than that under cold state. Pressure drop per perforate plate depends on the position of the plate under hot state. For the both cases, Pressure drops on the top two perforated plates are too low to support a stable solid flow. Numerical simulations of the above two hot cases disclose that the top two plates mainly play a role of preheating the ore fines and the bottom three plates reducing the ore fines under hot state. The top two plates could be removed and their function may be realized by other means and thus a nearly uniform pressure drop per perforated plate could be reached under hot state. Ore fines reduction using the reactor with three inclined layers is much easy to control as simulation results indicated.
The above two hot case simulations still indicate the performance of the reactor depends heavily on the supplied reducing gas. But however utilizations of gas sensible heat and gas reduction potential are high though composition of the reducing gas varies. A good ratio of CO to H2 is helpful to take advantage of the reactor.
Conclusions
A simulation study was carried out for the gaseous reduction of iron ore fines using Z-path moving fluidized bed. The simulation was carried out using an integration of FLUENT and PHOENICS.
The numerical results of cold state are compared with the experimental ones. Agreement between them is good. Which means the proposed CFD model is suitable for the analysis conducted in this paper.
Numerical predictions of hot states disclose that the gas sensible heat utilization and gas reduction potential utilization are satisfying for gaseous reduction of ore fines with this reactor using COG gas or purified COREX export gas. The numerical predictions of hot states indicate that performance of the reactor for iron ore fines reduction depends on the supplied reducing gas. A reasonable ratio of CO to H2 is helpful to take advantage of the reactor.
Numerical predictions of hot states indicate that, in the reactor, he top two plates play a role of preheating ore fines and the bottom three plates reducing ore fines. The present structure of the reactor needs some improvements and the reactor with three perforated plates is reasonable for operation control. The Z-path moving-fluidized bed has the advantage that it realizes a gradient utilization of heat and reduction potential of the reducing gas in iron ore fines reduction with a comparatively compact structure.
